SEXUAL DIMORPHISM AND ECOLOGICAL DIFFERENTIATION
OF MALE AND FEMALE PLANTS'

THOMAS R. MEAGHER"”

ABSTRACT

The evolution of dioecy within a plant population introduces a situation in which there i1s divergent
selection for means of achieving reproductive success. Male and female individuals play different roles
in the reproductive biology of a dioecious species and hence have very different resource demands
imposed upon them. The selection pressures presented by these different resource demands could n
turn lead to the evolution of sexual dimorphism. Empirical studies of several dioecious plant species
have shown that male and female plants differ in their resource allocation patterns. These differences
between the sexes have also been shown to lead to sexual dimorphism in a wide range of life history
characteristics in the dioecious perennial Chamaelirium luteum, including age at first reproduction,
flowering schedules, size and size dynamics, and mortality rates. Quantitative genetic studies of resource
allocation patterns for C. luteum suggest that the observed sexual dimorphism is probably the result
of independent selection on the two sexes separately rather than the result of selection specifically

favoring sexual dimorphism.

The establishment of a stable genetic poly-
morphism that results in separate male and fe-
male individuals 1s just the first step in the evo-
lution of sexual dimorphism. The two sexes, by
virtue of attaining reproductive success in dif-
ferent ways, play distinct roles in the biology of
a species. Thus, a genetic polymorphism for sex
expression 1s likely to have a wide range of eco-
logical consequences, which 1n turn could result
in selection pressures that may eventually lead
to the evolution of secondary differences between
the sexes. Secondary differences that have been
observed between male and female individuals
within dioecious species have included morpho-
logical, ecological, and behavioral attributes and
are often referred to collectively by the phrase
**sexual dimorphism.”

Studies on animal species have shown that sex-
ual dimorphism is evident in almost every aspect
of their ecology and evolution (for reviews, see
Selander, 1972; Maynard Smith, 1978: O’Don-
ald, 1980). Traditional studies on sexual dimor-
phism in plants have been limited largely to floral
characteristics (for review, see Lloyd & Webb,
1977); but, over the past few years, there has
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been a growing interest in broader manifestations
of sexual dimorphism in plants (e.g., Lloyd &
Webb, 1977; Grant & Mitton, 1979; Onyekwelu
& Harper, 1979; Wallace & Rundel, 1979; Han-
cock & Bringhurst, 1980; Bullock & Bawa, 1981;
Bullock et al., 1982; Meagher & Antonovic,
1982a, 1982b). This has included extensive dis-
cussion of various factors involved in the evO-
lution of dioecy (e.g., Bawa & Opler, 1975; Lloyd,
1976, 1979: Charlesworth & Charlesworth, 1979),
but there is still relatively little known about the }
evolution of sexual dimorphism in plants beyond .
differentiation of sex function. '
Clearly the two sexes within a dioecious plant
species perform very different functions 11 re-
production. As a consequence of these diﬁ"":re.nt
functions, the two sexes may be subject 10 d'fj :
ferent sorts of resource demands (Lloyd, 197,
Charlesworth & Charlesworth, 1981; CharnoY,
1982; Meagher & Antonovics, 1982a, 1982b) a{‘d’ |
in turn, to divergent selection pressures, Wh‘c.h
will act to enhance the evolution of sexual dl
morphism. In fact, observed cases of sexual di-
morphism in traits related to life history 334.
resource allocation (Lawrence, 1963, 1964
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Bouwkamp & McCully, 1972; Putwain & Harp-
er, 1972: Brockman & Bocquet, 1978; Lovett
Doust & Harper, 1980; Gross & Soule, 1981;
Meagher & Antonovics, 1982b) are presumably
related to differential selection pressures that are
imposed on male and female plants.

However, the extent of sexual dimorphism and
the rate at which it is likely to evolve are subject
to a variety of ecological and genetical con-
straints. For example, in order to remain a sex-
ually reproducing species, male and female plants
must maintain sufficient overlap in their ecolog-
ical tolerances and life history characteristics to
be able to interbreed effectively. This ecological
lirpitation may be overcome by species with apo-
qnctic female plants (cf. Gustafsson, 1946—-1947.
cited in Grant, 1971). Genetical constraints arise
because male and female individuals are mem-
pers of the same species, and hence are limited
In the extent that they can undergo genetically
basgd divergence due to the overlap in genes in
1he}r respective genomes and the resultant ge-
net.lc correlations (Lande, 1980). Thus the evo-
lution of sexual dimorphism embodies the bal-
ance between factors acting to promote change
and constraints tending to restrict change within
Populations,

The present paper addresses the processes and
cOnstraints involved in the evolution of sexual
dimorphism in plants through an analysis of the
dioecious perennial Chamaelirium luteum (Lil-
laceae). The population biology of this species
has been well studied (Meagher, 1980, 1981,
1982; Meagher & Antonovics, 1982a, 1982b) and

- Iu{eum has been shown to have extensive sex-
ual d}mOrphism both in its overall morphology
glni In .various life.history characteristics. The
fouru::;on below wﬂ.l draw on i.nvestigation.s of
P urally occurm}g populations in the pied-

ont of North Carolina designated as Natural

Area., Seawell, Silver Hill, and Botanical Garden;

Ctsﬁzagz:ler (1980). Experimental analyses dis-
from th Sifa bas‘?d upon use of seed collected
mon e of these sites. Seed collected by com-
out a:(;Stll.late parent (halfsibship) were planted
Alt Ogett: aised in thCODuke University Phytotron.
ships (9 Of)r, 0 S.eed.hl.lgs representing 30 halfsib-
R total individuals) were planted. These
Cycles (] €re taken through a series of induction
Drom AFW tem.perature, short photoperiod) to

Ote flowering. The specific growth condi-
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tions and results of studies on the sex ratio are
described in Meagher (1981).

The discussion that follows will focus on the
following questions. How does sexual dimor-
phism influence the breeding structure of a pop-
ulation? What are the ecological consequences of
sex differentiation? What are the genetic bases of
sexual dimorphism and the probable selective
forces that lead to the evolution of sexual di-
morphism? Finally, what i1s the nature of eco-
logical and genetic constraints imposed on the
evolution of sexual dimorphism?

SEX RATIO AND SPATIAL DISTRIBUTION OF
MALE AND FEMALE PLANTS

Aside from separation of the sexes into distinct
individuals, there are other ways in which sex
differentiation affects breeding relationships and
the reproductive behavior of male and female
plants. For example, the relative numbers of male
and female plants, the sex ratio, has an influence
on the effective population size (e.g., Ewens, 1969:
32-36). Also, if there is a strong numerical excess
of one sex, the genetic contribution per individ-
ual of that sex will be correspondingly lower than
that for individuals of the other sex. Finally, if
differences between the sexes are sufficient to lead
to noticeable differences in ecological tolerances,
there may result a tendency for male and female
plants to occur in different microhabitats, leading
to increased spatial separation of the sexes.

A particularly striking feature of populations
of Chamaelirium luteum is that the flowering sex
ratios are extremely male biased (Meagher, 1981).
If one observes the sex ratio among flowering
plants during the breeding season in any given
year, there is a large excess of male plants (Table
1). However, because only a relatively small per-
centage of the plants in a population flower in a
given year, estimates of sex ratios based on a
single flowering season could be biased by dif-
ferences between male and female plants in their
flowering schedules. There 1s a great deal of year
to year variation in flowering sex ratios within
any one site, showing that differential flowering
behavior between male and female plants can
have a dramatic effect on sex ratio estimates for
any one season. In the present study, individual
plants were monitored over a series of flowering
seasons, so that for each successive year it was
possible to obtain a cumulative estimate of the

population sex ratio based not only on the plants
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TABLE 1. Sex ratios in four populations of Chamaelirium luteum (from Meagher, 1981). Flowering sex ratios
(male/female) are given for 1974-1979; G2 (1 degree of freedom) test results for departure from a one to one
sex ratio were statistically significant for all flowering sex ratios.

Percent of Cumulative
Population Flowering Sex Ratio
Site Year in Flower Sex Ratio Estimate

Natural Area 1974 9.7 4.51
(N = 2.200) 1975 10.6 3.07
1976 13.3 5.30

1977 19.9 3.41 2.47
1978 6.7 4.52
1979 3.6 10.57
1980 11.0 3.90
Seawell 1975 16.2 7.11
(N = 949) 1976 14.0 6.00

1977 14.6 4.79 3.37
1978 9.5 6.50
1979 1.6 14.00
1980 25.0 4.39
Botanical Garden 1975 234 2.80
(N = 450) 1976 19.1 3.47

1977 27.8 3.47 1.76
1978 15.8 2.89
1979 15.6 3.38
1980 38.9 2.37
Silver Hill 1975 12.5 3.18

(N = 1,103) 1976 9.0 3.71 1.74
1977 19.1 2.52
1978 5.9 2.82

in flower in a given year, but also on plants that /uteum in their relative spatial distributf(ms |
had flowered previously. Inspection of such cu- within a population have been confirmed 10 f
mulative estimates showed a monotonic decline number of statistical analyses (Meagher, 1980 |
as the number of successive flowering seasons Meagher & Burdick, 1981). ‘
considered increased (Meagher, 1981). These cu- The above discussion outlines a range of eco -
mulative estimates leveled off after the first sev- logical consequences of dioecy. The diﬁ‘e.""n‘:es
eral years and showed that the sex ratios for these  between flowering sex ratios and cumulaive cs}
four populations do show an overall excess of timates of the overall population sex ratnoSfO
male plants (Table 1), even though this excess is Chamaelirium luteum suggest that male wdb: .
generally not as dramatic as that observed within  male plants show different types of ﬂo“feﬂn.ﬂ g
a single flowering season. havior. The tendency toward diﬂ'erentlal. dlsmm .
One can also look at the distribution of sex Dbution of male and female plants OVeT differe

. . ) . . . . nce Of dlf‘
ratios over different microgeographic subunits of  MICrosites, presumably the consequc hese

: : - ! ! ' xes over
a population as a means of assessing the relative ferential survivorship of the two s€

PR A - icrosi ides evidence of &
spatial distributions of male and female plants dlﬂjerent.mlcros.lte.s, g xes. Thest
s . Sy : logical differentiation between the S€XEs.
within a population. Tests of within population

bt o fio (Fiz. 1) ind; h phenomena are both related to the life h:’sfm m’
e erogene.n y. In sex r.a 10 ( 1g. .) indicate that characteristics of the two sexes in terms
the sex ratio 1s not uniform within natural pop-

. AT : : fore
, | productive activity and survivorship. There
ulations but rather varies from subunit to sub-

» » e . .m
: a comparative examination of the life hist .
unit, reflecting an underlying differential spatial of male and female plants provides a useful means

distribution of male and female plants. Differ- for obtaining insight into such ecological sidé

i
ences between male and female individuals of C.  effects of sex differentiation.
)
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FIGUBE I.  Within site heterogeneity in sex ratio (male/female) in C. /uteum (from Meagher, 1980). G? test
results indicated significant heterogeneity for the Natural Area (P < 0.05), Seawell (P < 0.005), and Botanical

Garden (P < 0.005) sites (Meagher, 1980).

LiFe HisTorY DIFFERENCES BETWEEN
MALE AND FEMALE PLANTS

tegsl:ie effect of sexuality on life history charac-
| CS can be conveniently illustrated by mov-
1€ tlemporally through the lifespans of the two
:mes: The first aspect of life history considered
CTe 1S the age at first reproduction (Fig. 2). These
:‘:5 at first reproduction are based on the num-
wafsﬁﬁfSuccessive indgction cycles to which a plant
anmnxp(l)"sed before it flowered for the first time
niveg t. € cohorts of plants raised in the Duke
aes rsity Ph)ftotron. Qearly, male plants were
Ined to begin flowering at an earlier age than

di;’::logs features of the sex ratio of C. luteum
matur? é}bf)ve suggest that, among sexu.ally
in theilﬂ:}hvnduz}ls, male and female plants dxﬁ'er
SChedujr Owering schedules. The flowering
T hes of male fmd.female plants are com-
g 0:"3 by considering the number of times

4 given sex flowered over a span of years

(Table 2). Male plants flowered more frequently
than did female plants. An alternative way of
stating these results is that female plants tend to
have longer intervals between flowering episodes

than do male plants.
Once an individual of C. /uteum becomes es-

tablished, its size, measured as the number of
rosette leaves, plays an important role in deter-
mining its subsequent life history behavior
(Meagher, 1982). The number of rosette leaves
on female plants tends to be greater than the
number of rosette leaves on male plants (Table
3), indicating that female plants are, on average,
larger than male plants. Furthermore, the impact
of flowering on the resource status of an indi-
vidual is reflected in the year to year change in
rosette leaf number. Percentage changes in the
number of rosette leaves from the year before to
the year after flowering were estimated for male
and female plants (Table 4), and there was a
significant reduction in size among plants that
had flowered, suggesting that flowering imposed
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FIGURE 2. Age at first reproduction for male (dashed line) and female (dotted line) seedlings in the Duke
University Phytotron; sites of origin for the seed are Natural Area (a), Silver Hill (b), and Botanical Garden (c).

a substantial drain on the resources of an indi-
vidual. This effect was much more pronounced
for female than it was for male plants.

The final stage in the life history to consider
1s death. Cumulative estimates of annual mor-
tality rates for the two sexes (Table 5) show that
female plants had a higher mortality rate than

did male plants in two of three sites. For one of

these two sites, the female mortality rate was
significantly higher than the male mortality rate.

When these various life history characteristics
of male and female plants are considered collec-
tively, an overall pattern emerges that indicates
a higher resource cost of flowering for female
plants. With a later age at first reproduction and
longer intervals between flowering episodes, fe-
male plants could be delaying flowering until they
have assimilated a sufficient resource base to
flower successfully. The tendency of female plants
to be larger than male plants i1s also suggestive
of a higher resource “‘threshold” that may be
necessary for flowering to occur. In other words,
female plants may delay flowering until they have
achieved a greater size and are hence better buff-
ered against the proportionately greater resource
depletion that flowering represents for them. Fi-
nally, the extra costs and consequent resource
depletion brought on by flowering for female
plants could expose them periodically to a higher
risk of mortality, resulting in a relatively higher
mortality rate for female plants.

It seems quite reasonable that many of the
observed life history differences between the sexes
are causally related to the specific male and fe-

male resource demands and resource aﬂocaﬁon
patterns. From an evolutionary standpoini,
therefore, one would expect that male and female
plants would have very different types of selec-
tion pressures imposed on their resource a!IO‘
cation patterns. There may be divergent selection
that favors male plants that put a relatively low
proportion of their resources into flowering and
that flower more frequently and that favors fe-

male plants that put a relatively high proportion

of their resources per flowering episode 1nto less
frequent flowering.

RESOURCE ALLOCATION AND THE EVOLUTION
OF SEXUAL DIMORPHISM

Traits or characters associated with sexual dr
morphism, such as differences 1n resourcf? 31.10‘
cation, are quantitative rather than qualitative
in nature. The genetic basis of such characters I8
best defined by quantitative genetics models 17
which genetic variation is presumed 10 resu!t ﬁ""ﬁ
allelic variation at a large number of locl, eact
of which makes a small additive contributlon::
the overall expression of the trait under Stut:
(Falconer, 1981; Mather & Jinks, 1982). The &~
netic and evolutionary behavior of such qual
titative variation can thus be studied by the aP°
plication of appropriate statistical methOds;verc

The phytotron studies described above g
based on halfsibships of seedlings; informat! of
collected on quantitative characters fr om it of
halfsibships can be employed in the estimatl
of genetic parameters. Following the

[VoL. 71
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TaBLE 2. The percentage of plants in flower in a
given season that last flowered X years ago. These per-
centages represent averages over all consecutive years
for which flowering data had been obtained through

1980 (see Meagher, 1981).

Male Female
Site X Plants Plants
Natural Area 1 37.4 1.6
2 22.9 17.8
3 12.0 19.0
4 2.1 14.2
5 2.2 6.0
6 1.5 0.0
Seawell | 30.1 0.0
2 33.0 1.8
3 18.3 8.3
4 d 8.0
5 7.3 11.4
Silver Hill ] 2.7 1.7
2 34.1 Jir: 2
3 4.2 17.7

e e L, S T S

duction cycle in the phytotron, male and female
plants within 22 of the 30 halfsibships were in
flower for the first time and plants were harvested
for dry weight measurements of three vegetative
gnd three reproductive structures (Table 6). It 1s
Interesting to note that although male plants had
d Proportionately greater dry weight in their veg-
Clative parts than did female plants, all of the
structures on female plants had a higher absolute

dry weight. Even though all plants were the same

age, the female plants were on average larger than
the male plants.

Dry weight values were log-transformed and

Pereent dry weight values were subjected to arc-

SIN Square root transformations prior to statis-

pl;:wfl Roset.te. leaf number for male and female
from 1; 7§'hamae11rzum [uteurn. Values presented are
o ~1979 pooled: cummﬂative numbers of ob-
i :1: for each Sex are given in parentheses. Male
B AI:Oﬂ:,eans within each site were compared us-
ai A (Sokal & Rohlf, 1969), and all three

'S of means are significantly different (P < 0.0001).

\N\w

S; Male Female
- e Plants Plants
Natura] Area
4.1
Sfawall (2,492) 4.4(1,014)

4.4 (1,025) 4.9 (260)

S .
iver Hill 4.9 (628) 5.3 (298)

259

TABLE 4. Percentage 1n rosette leaf number from
the year before to the year after flowering (year 3—year
1); sample sizes are given in parentheses. Significance
tests of departures from 0 were made using a ¢ test
(Sokal & Rohlf, 1969). Results from ¢ tests comparing
male transitions and female transitions were all statis-

tically significant (P < 0.001).

Male Female
Site Plants Plants

Natural Area —17 (247 -39 (133)°
Seawell —16 (118)° —29 (34)
Silver Hill +2 (28)* —34 (12)®

® Not significant.

b P < 0.05.

cP<(0.001.

tical analysis because 1n both cases transformed
values showed a better fit to a normal distribu-
tion.

In order to evaluate genetic components of
variation from these data, a partially hierarchical
analysis of variance involving population of or-
igin and sex as main effects and halfsibships as
a nested effect within populations was employed
(Brownlee, 1960). The interactions of sex by pop-
ulation and of sex by halfsibship nested within
population were also analyzed for each mea-
surement. The effect of population of origin was
taken into account because the halfsibships used
were collected from three different populations,
and differences among the populations made a
significant contribution to the overall variation
in eight of the 12 measurements analyzed.

In this analysis, there are two genetic com-
ponents of variation that are relevant to the pres-
ent discussion. The component of variation
among halfsibships nested within populations is
equal to one-fourth of the additive genetic vari-

TABLE 5. Annual mortality rates for male and fe-
male individuals of Chamaelirium luteum. Values pre-
sented are from 1975-1979 data pooled. Comparisons
between male and female mortality rates are based on
the log-likelihood ratio (Bishop et al., 1975). n.s. = not

significant.

Male Female
Site Plants Plants Contrast
Natural Area 3.0 2.6 n.s.
Seawell 1.7 4.0 n.s.
Silver Hill 1.3 5.1 P < 0.01
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TABLE 6. Mean dry weight and percentage of total dry weight for vegetative and reproductive plant parts

for plants harvested in the phytotron experiment.
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Male (N = 57) Female (N = 59)
% of % of
Character Mean Total Mean Total
Vegetative
Rosette Leaves 2.64 46.9 2.98 39.5
Rhizome 1.53 29.3 1.75 244
Roots 0.72 14.3 0.99 14.2
Vegetative Total 4.89 90.5 5.72 78.1
Reproductive
Inflorescence Leaves 0.06 1.3 0.30 4.4
Inflorescence 0.11 2.1 0.25 3.2
Stalk 0.31 6.1 1.01 14.3
Reproductive Total 0.48 9.5 1.56 21.9

ance, which i1s the portion of the overall variation
that 1s most directly involved with response to
selection (Falconer, 1981). In analyses of this

type based on field collected progenies, one as-
sumes that maternal effects on the characters
measured are negligible and that the female plants
have mated at random with male plants in the
population. Because the characters assessed in
the present study were measured on fully grown
individuals, the assumption concerning maternal
effects i1s probably reasonable. Violation of the
second assumption would confound attempts to
measure the actual level of additive genetic vari-
ance; but 1n the present study we are only con-
cerned with whether or not such genetic variance
exists, not with its actual magnitude.

The component of variation attributable to the
interaction between sex by halfsibship nested
within populations provides a means of evalu-
ating genetic variation in the relative character-
istics of male and female plants. In essence the
sex by halfsibship interaction represents additive
genetic variation for sexual dimorphism.

Analysis of variance (Table 7) showed a strong
indication of sexual dimorphism in that differ-
ences between the sexes were significant for four
of the six dry weight measurements and also for
four of the six percentage dry weight measure-
ments. Significant sex by population interactions
tor rhizome weight and for percent dry weight
in rosette leaves and roots indicate that the extent
of sexual dimorphism found, at least for vege-
tative characteristics, is not uniform over the

different populations. The observed differentia-

tion among populations suggests further that th¢

extent of sexual dimorphism in resource allo |
cation patterns may be subject to evolutiondry |

modification within particular ecological con

texts. However, the characters that showed C;f' |
dence of additive genetic variation for sexual di |
morphism, inflorescence weight, and percente

: : ' ol
dry weight of rhizome and inflorescence, ar¢ i

the same characters that showed a significant 5
by population interaction. There were, howevet
significant levels of additive genetic vanaﬂ@
found for rhizome weight, and percentage n
weight of rosette leaves, roots, and infl
stalk. The first three of these characters Wert the

characters that did show a significant S€X by poP” .

. . ; . e 10
ulation interaction. It therefore 1S reasollﬂ‘bl

conclude that the among-population Qiﬁemn
tion in the extent of sexual dimorphis
outcome of the independent responses ©

f male

y !
and female plants to site-specific selection e .

sures. t
The manner in which response to selec

a trait in one sex will influence the t‘:)(l’“’sls“cr
that trait, and hence the fitness, 1n .the c:-e
re of the genetic €O |
depend.s on the natu g T
: : h
that show a strong genetic correlation, ware o
positive or negative, between the sc::vnesto
likely to show an independent response sele
tion on male and female plants be§au$¢ a
change that influences the fitness 1n

jon OF

se

sex. Such genetic correlations have
posed as a major factor limiting the VO

orescent |

d
mislh"g

ondl

-
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TaBLE 7. F-ratio test resultsc from the partial hierarchical analyses of variance for plants harvested in the
phytotron study.

Reproductive
A. Log Dry Weight !
g Dry Weigh Vegetative Inflores-
Rosette cence Inflores-
Effect df Leaves’ Rhizome®# Roots Leaves cence’ Stalk
Population 2 11.6¢ 3.1¢ 3. 1" 3.3 2.59 0.1¢
Sex =y 37 3.9¢ 17.5° 117.1¢  12.2¢  146.3¢
Sex * Population 2 2.74 4.9° 0.1 0.2 1.4 Z2. 34
Halfsibs within Populations 19 1.2 ]1.82 1.6¢ 0.9 0.4 1.5
Sex * Halfsibs within Populations 19 1.6¢ 1.2 1.1 1.0 1.8° 1.2
Error 79
Reproductive
B. Arcsin % Dry Wei |
ry Weight Vegetative laflorer
Rosette cence Inflores-
Effect df Leavest Rhizome' Roots® Leaves' cence' Stalk®
Population , 2.5 7.2b 3.0¢ 2.0 1.0 0.4
Sex 1 359 26.6° 0.1 73.6c 9.9 1229
Sx * Population R 5 TR . X 0.3 0.0 0.6
Half:lbs WiFhin Populations 19 2.5 1.2 2.1" 1.1 0.3 1.8°
Sex * Halfsibs within Populations 19 1.5 1.82 0.9 1.8¢ e 1.0
En'or 72
*P <0.05.
*P < 0.005.
‘P <0.001.
“P<0.1.

" Previously published F-ratios on these data (Meagher & Antonovics, 1982a) were based on non-transformed

val
f

F-rati
|

O test of the population effect.

g+ dimorphism (Lande, 1980). A small ge-
o correlation between the sexes for a given

L hOWCVCI‘, would allow independent re-

S Lais
PONnse 1o selection in males and females.

Genet; :
ElC correlations between the sexes (fy) can

esti : : :
Mmated from the analysis of variance dis-

Foir”d above using the method of Yamada (1962).
the present analysis,

ues of a subset of the data included in the present analyses. . | .
€n the sex * halfsibs within populations mean square was significant, it was used as the denominator in

O tests of halfsibs within populations, sex * population, and sex effects. . .
€n the halfsibs within populations mean square was significant, it was used as the denominator in the

tests, the genetic correlations presented below
were estimated using the jackknife method (Gray
& Schucany, 1972; see also Rausher, 1984). For
this method, estimatesof r;, 1= 1, ..., 22, were
obtained by omitting the 1'" halfsibship and es-
timating f, from analysis of the resultant subset
of the overall dataset. The reduced bias estimate

of #, is then given by

- A - B i r,=N.f, — (N — 1).i, (2)
A+ B-2C with a standard error of

sibships wi’t::,"d Care ﬂ}e mean squares f9r hglf-
Within po ulm' Populations, sex by halfsibships
Cause thep daatlons, an.d error, respectively. Be-
anced, the o ta hes E’elﬂg analyzed was unbal-
be biased Is“male r, for the total data set will
o Pl‘ovid. N order to reduce this bias and also

¢ a standard error of r, for significance

s.e. = [Zi(Ty — T)/N(N — 1)]” (3)

where N is the number of halfsibships.

Genetic correlations between the sexes were
estimated for all of the measured traits that had
significant levels of additive genetic variance
(Table 8). Significance tests for rosette leaf and
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TaBLE 8. Genetic correlations (r,) between the sexes for log dry weight and arcsin % dry weight in vegetative

ANNALS OF THE MISSOURI BOTANICAL GARDEN

[VoL. 71

and reproductive structures. The estimates of the correlations and their standard errors were obtained using the i |
jackknife method (Gray & Schucany, 1972); ¢ test results for differences between the estimates and +1, 0, and

—1 are also shown.
Vegetative Reproductive f
Rosette Inflores- '
Leaves Rhizome Roots cence ,
f, 0.16 + 0.65 0.57 + 0.68 —-0.32 = 1.18 . —4.19 £ 525 l
ty (= +1) 1.3 0.6 15 1.0
ty (r, =0) 0.3 0.8 0.3 0.8
to (f,=—1) ]1.82 2.3b 0.6 0.6
Reproductive
: s . siani s e
Vegetative ST
Rosette cence Inflores-
Leaves Rhizome Roots Leaves cence Stalk
Ty 0.50 + 0.40 0.12 + 0.33 0.97 + 0.62 0.07 + 0.58 —32.24 + 29.43 04510
ty (= +1) 1.2 2.7° 0.0 1.6 1.1 0.5
ty (r; =0) 1.2 0.4 1.5 0.1 1.1 0.4
t (= —1) 3.7¢ 3.4 2.9¢ 1.9 1.1 1.4
o - § ¥
70 R b e
P =I00k

rhizome weight and for percent dry weight in
rosette leaves, roots, and inflorescence leaves,
indicated positive genetic correlations. The ge-
netic correlation between the sexes for percent
dry weight in rhizomes was significantly different
from both +1 and —1 but not from zero, indi-
cating a low genetic correlation for this trait. The
other estimated correlations had such a high
variance that no conclusions can be made as to
their magnitude or direction.

The presence of positive genetic correlation
between the sexes for some traits 1s hardly sur-
prising; such results imply that the same genes
are influencing these traits in both sexes. How-
ever, a small genetic correlation, as in the case
of percent dry weight in rhizomes, indicates that
there 1s relatively little overlap in the genes reg-
ulating that trait in male versus female plants.
Therefore the two sexes are capable of indepen-
dent responses to selection on this trait. The level
of resources contained in the rhizome, which
probably serves as a storage organ, may well have
a direct physiological relationship to the life his-
tory differences observed within natural popu-
lations, particularly flowering schedules.

CONCLUSION

The ecological consequences of sexual dimor-
phism in plants are sometimes manifested in the

form of partial spatial segregation between malé
and female plants along environmental (F ree
man et al.. 1976) or altitudinal (Grant & MIto%
1979) gradients or over different micrqhabﬂats
(Meagher, 1980). If such spatial segregation w;w
taken to extremes, ultimately male and fem u;
plants might occur too far apart 10 effect sex f |
reproduction. Other ecological consequences po
sexual dimorphism that have been obsel"’edthc
some plant species are differences between )
sexes in life history characteristics and 1'35"“3;
allocation patterns as cited above. Indefd spd ial ‘
segregation is most likely the result of dlﬂ'efendi :
survivorship of male and female plants 11 .
ferent microhabitats (see Meagher, 1980 fO; "
view). Other life history dimorphism. S8
differences in flowering schedules (Bullock ¢t ;
1982; Meagher, 1981; Vernet, 1971; YaldCY':’c' ,
& Lloyd, 1979) or more specifically 10 the o8
sponse to conditions that promoie flowe
(Meagher, 1981, 1984), might result iIn a ale
barrier to interbreeding between malq and f:,mnt
plants. For example, such differences in fl0 g |
might reduce the probability of simultan i
flowering of male and female plants, o - e
result in greater spatial separation Of SIT
neously flowering plants of opposite SeX. St of
lay suf*

order for a species or population 10 Peﬁ
course, male and female plants must disP

—
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also of the nature of ecological and genetic con-
straints that act to regulate evolutionary change.

ficient overlap in spatial distribution or flowering
behavior to allow reproduction to occur. This is
particularly true for plants, which are nonmotile
and incapable of the migration during breeding
season that occurs in some sexually dimorphic
animal species (e.g., Bartholomew, 1970). The
limit to the extent of ecological differentiation a

LITERATURE CITED

BARTHOLOMEW, G. A. 1970. A model for the evo-
lution of pinniped polygyny. Evolution 24; 546~

549,
BAwA, K. S. & P. A. OpLer. 1975. Dioecism In trop-

species can undergo and still persist thus consti-
tutes an effective limitation on the evolution of
sexual dimorphism.

The observed examples of sexual dimorphism
in Chamaelirium luteum emphasize differences
In spatial distribution, life history, and resource
allocation, and provide a firm empirical basis for
evaluation of the ecological consequences of sex-
ual dimorphism. At the same time, these studies
also represent a good start toward understanding
@ological constraints on the evolution of sexual
dimorphism.

Studies on the genetic basis for resource allo-
cgtlon patterns in the two sexes also provide in-
S{E& into the evolution of sexual dimorphism.
Significant differentiation between the sexes sug-
Bests that there has been in the past strong di-
vergent selection on resource allocation patterns
n the two sexes. However, male and female plants
in a dioecious population share a common ge-
nNelic heritage; autosomal genes that are present
and exposed to selection in one sex will ulti-
mately occur in progeny of the opposite sex. Be-
fvahuisigenetlc changes, or responses to selection,

€1 act to enhance fitness in one sex may con-
?;l.vably Prove to be deleterious to the other sex
belsher, 1958; Lande, 1980; Yamada & Schein-
an'dg,fl 976), this genetic correlation between male
N €male plants could act to retard divergence
divmﬁntthe lscxefs. Over evoh.ltionary time, strong
s selection on a particular tt.'alt. could re-
Cxpression faccumulatlop of -sc.ex-hmltt?d gene
5 umsn or thg genetic loci {nﬂu'encmg that
g ;mlu:ountenng the cgnstrmpts imposed op
escac g 1on of sexual dimorphism by genetic

: ns l?etween the sexes.
am:r‘sefr:retgtxon of the evolution of a set of char-
e ba‘]mres; an understanding of both the ge-

ses for those characters and of the eco-

i:::sl::lm;“ With.in Whic?‘l th(?se cr‘hara.lctcrs are
. o T pUIRIERE ORI POD:
within Whicl\;l ¢s an unusually clearcut situation
Properties 61‘ t0 consider ecolognc.‘al and genetic
Y such cons : set of character§ simultaneously.
Ing not on : f"‘“lon, we obtain an understand-
10 pro yOl the t.ype.of s.electnve forces acting
Mote change in dioecious populations, but

ical forest trees. Evolution 29: 167-179.

BisHor, Y. M. M., S. E. FEINBERG & P. W. HOLLAND.
1975. Discrete Multivariate Analysis: Theory and
Practice. MIT Press, Cambridge.

Bouwkamp, J. C. & J. E. McCuLLy. 1972, Compe-
tition and survival in female plants of Asparagus
officinalis L. J. Amer. Soc. Hort. Sc1. 97: 74-76.

BROCKMAN, I. & G. BocQuet. 1978. Oecological 1n-
fluences on the distribution of sexes in Silene vul-
garis (Moench) Garcke (Caryophyllaceae). Ber.
Deutsch. Bot. Ges. 91: 217-230.

BrownNLEE, K. A. 1960. Statistical Theory and Meth-
odology in Science and Engineering. John Wiley
& Sons, New York.

BurLrLock.,S. & K. S. BawA. 1981. Sexual dimorphism
and the annual flowering pattern in Jacaratia dol-
ichaula (D. Smith) Woodson (Caricaceae) in a Costa
Rican rain forest. Ecology 62: 1491-1504.

. J. H. BEacH & K. S. BAwA., 1982. Episodic
flowering and sexual dimorphism in Gaurea rho-
palocarpa in a Costa Rican rain forest. Ecology
64: 851-861.

CHARLESWORTH, D. & B. CHARLESWORTH. 1979. The
evolutionary genetics of sexual systems in flow-
ering plants. Proc. Roy. Soc. London, Ser. B, Biol.

Sci. 205: 513-530.
& 1981. Allocation of resources to

male and female functions in hermaphrodites. Biol.
J. Linn. Soc. 15: 57-74.

Cuarnov, E. 1982. The Theory of Sex Allocation.
Princeton Univ. Press, Princeton, New Jersey.

Ewens, W. J. 1969. Population Genetics. Methuen
& Co., London.

FaLconer, D. S. 1981. Introduction to Quantitative
Genetics. Edition 2. Longman Group Limited,
London.

FisHer. R. A. 1958. The Genetical Theory of Natural
Selection. Edition 2. Dover, New York.

FreemAN, D. C., L. G. Kuikorr & K. T. HARPER. 1976.
Differential resource utilization by the sexes of
dioecious plants. Science 193: 597-599.

GrANT, M. C. & J. B. Mitton. 1979, Elevational
gradients in adult sex ratios and sexual differen-
tiation in vegetative growth rates of Populus tre-
muloides Michx. Evolution 33: 914-918.

GrANT. V. 1971. Plant Speciation. Columbia Univ.
Press, New York.

Gray, H. L. & W. R, Schucany. 1972, The Gen-
eralized Jackknife Statistic. Marcel Dekker, Inc.,
New York.

Gross, K. L. & J. D. SourLe. 1981. Differences in
biomass allocation to reproductive and vegetative
structures of male and female plants of a dioecious
perennial herb, Silene alba (Miller) Krause. Amer.
J. Bot. 68: 801-807.

Hancock, J. F., Jr. & R. S. BRINGHURST, 1980. Sex-
ual dimorphism in the strawberry Fragaria chil-
oensis. Evolution 34: 762-768,




264 ANNALS OF THE MISSOURI BOTANICAL GARDEN [VoL. 71

LANDE, R. 1980. Sexual dimorphism, sexual selec- Chamaelirium [luteum, a dioecious member of the

tion, and adaptation in polygenic characters, Evo-
lution 34: 292-305.

LAWRENCE, C. W. 1963. Genetic studies on wild pop-
ulations of Melandrium. 11. Flowering time and
plant weight. Heredity 18: 149-163.

Melandrium. 111. Heredity 19: 1-19.

Lioyp, D. G. 1976. The transmission of genes via
pollen and ovules in gynodioecious angiosperms.
Theor. Populat. Biol. 9: 299-316.

. 1979. Parental strategies of angiosperms. New

Zealand J. Bot. 17: 595-606.

& C.J. Webb. 1977. Secondary sex characters
in seed plants. Bot. Rev. (Lancaster) 43: 177-216.

LoverT DousrT, J. & J. L. HArRPER. 1980. The re-
source costs of gender and maternal support in an
andromonoecious umbellifer, Smyrnium olusa-
frum L. New Phytol. 85: 251-264.

MATHER, K. & J. L. Jinks. 1982. Biometrical Ge-
netics. Edition 3. Chapman and Hall, London.

MAYNARD SMiITH, J. 1978. The Evolution of Sex.
Cambridge Univ. Press, Cambridge.

MEAGHER, T. R.
Chamaelirium luteum, a dioecious lily, 1. Spatial

distributions of males and females. Evolution 34:
1127-1137.

1981. The population biology of Chamae-
lirium luteum, a dioecious lily. II. Mechanisms
governing sex ratios. Evolution 35: 557-567.
1982. The population biology of Chamae-
lirtum luteum, a dioecious member of the lily fam-
illy. IV. Two-sex population projections and stable
population structure. Ecology 63: 1701-1711.

. 1984. Sex flowering response to application
of plant growth substances for male and female
plants of Chamaelirium luteum (in prep.).

& J. ANTONOvVICS. 1982a. Life history vari-
ation 1n dioecious plant populations: a case study
of Chamaelirium luteum. Pp. 139-154 in H. Din-
gle & J. P. Hegmann (editors), Evolution and Ge-

netics of Life Histones. Springer-Verlag, New York.
&

. 1964. Genetic studies on wild populations of

1980. The population biology of

1982b. The population biology of

lily family. III. Life history studies. Ecology 63:

1690-1700.

& D. Burpick. 1981. The use of nearest
neighbor frequency analyses in studies of associ-
ation. Ecology 61: 1253-1255.

O’DoNALD, P. 1980. Genetic Models of Sexual Se-
lection. Cambridge Univ. Press, Cambridge.
ONYEKWELU, S. S. & J. L. HARPER. 1979. Sex rati.o
and niche differentiation in spinach (Spinacia

oleracea L.). Nature 282: 609-611.

PurwAIN, P. D. & J. L. HARPER. 1972. Studies ig the
dynamics of plant populations. V. Mechanisms
governing the sex ratio in Rumex acetosa and K.
acetosella. J. Ecol. 60: 113-129. .

RAUSHER, M. 1984. Tradeoffs in performance on dif-
ferent hosts: evidence from within- and between-
site variation in the beetle Deloyala guttata. EVO-
lution 38: 582-595. :

SELANDER, R. 1972. Sexual selection and dimor-
phism in birds. Pp. 180-230 in B. Campbell (ed-
itor), Sexual Selection and the Descent of Man
1871-1971. Aldine, Chicago.

SOKAL, R. R. & F. J. RouLF. 1969. Biometry. W. H.
Freeman & Co., San Francisco. |

VALDEYRON, G. & D.G. LLoyp. 1979. Sex differences
and flowering phenology in the common fig, Ficus
carica L. Evolution 33: 673-685.

VERNET, P. 1971. La proportion des sexes chez AS'.
paragus officinalis L. Bull. Soc. Bot. France |18
345-358. .

WALLACE, C. S. & P. W. RUNDEL. 1979. Sexudl d;
morphism and resource allocation in male %
female shrubs of Simmondsia chinensis. O
logia 44:; 34-39. S

YAMADA, Y. 1962. Genotype by environment lnw.t
action and genetic correlation of the same ";3,;
under different environments. Jap. J. Genet. 2%
498-509. .

& E. ScHEINBERG. 1976. Expected genetic gail .

when males and females are selected for tbfé}f::t

or different quantitative traits. Canad. J.

Cytol. 18: 411-418.




